During host colonization, bacteria use the alarmone (p)ppGpp to reshape its proteome by acting 16 pleiotropically on RNA and protein synthesis. Here, we elucidate how the translation Initiation 17
Factor 2 (IF2) senses the cellular ppGpp to GTP ratio and regulates the progression towards 18 protein synthesis. Our results show that the affinity of GTP and the inhibitory concentration of 19 ppGpp for 30S-bound IF2 vary depending on the programmed mRNA. Highly translated 20 mRNAs enhanced GTP affinity for 30S complexes, resulting in fast transitions to elongation of 21 protein synthesis. Less demanded mRNAs allowed ppGpp to compete with GTP for IF2, stalling 22 30S complexes until exchange of the mRNA enhances the affinity for GTP. Altogether, our data 23 unveil a novel regulatory mechanism at the onset of protein synthesis that tolerates physiological 24 concentrations of ppGpp, and that bacteria can exploit to modulate its proteome as a function of 25 the nutritional shift happening during infection.
Main Text: 27
During colonization, pathogenic bacteria reshapes its transcriptome and proteome to activate 28 virulence genes, promote tissue-associated biofilm and enter dormancy, ultimately increasing 29 aggressiveness, antibiotic tolerance, and persistence of the pathogen (reviewed in 1,2 ). Host 30 colonization entails fluctuations of nutrient availability that, generally, triggers stringent response 31 in bacteria (Fig. 1) . Stringent response is mediated by the ribosome-associated RelA/SpoT 32 homolog protein superfamily and triggers the accumulation of the hyperphosphorylated 33 guanosine nucleotides, altogether called (p)ppGpp ( Fig. 1) 3 . Impaired (p)ppGpp production 34 results in antibiotic sensitivity, low biofilm formation, and low pathogenicity of several bacteria, 35 making the stringent response an appealing target for antibiotic development 4-6 . mRNA 36 translation to proteins requires the action of several guanosine nucleotide-binding factors, on and 37 off the ribosome. Although (p)ppGpp have been shown to bind translational GTPases 7,8 , the 38 extent of inhibition and subsequent effect on protein synthesis regulation remain controversial. 39 The initiating ribosome orchestrates a complex equilibrium between three initiation factors (IFs), 43 mRNA and initiator tRNA (fMet-tRNA fMet , from here in tRNAi) to maximize the speed and 44 accuracy of start codon selection, ultimately defining the reading frame for mRNA translation 9 . 45
The translational GTP binding factor IF2 recruits tRNAi to the 30S pre-initiation complex (pre-46 to a ready-to-elongate 70S IC 9 . Although GTP has been shown to enhance IF2 activity, 49
hydrolysis of GTP appears to be dispensable 10 . IF2 shows a broad spectrum of binding 50
properties as a function of the bound guanosine nucleotide, enabling cycling between high and 51 low affinity states: GTP to assemble the 30S IC, whereas GDP allows dissociation of the factor 52 from the 70S pre-IC 11,12 . Both, the dispensability of GTP hydrolysis and the wide range of 53 affinities displayed by the factor, allowed to propose IF2 to function as a molecular sensor of the 54 stringent response. Indeed, ppGpp was shown to bind IF2, and to inhibit translation initiation and 55 first peptide bond formation 8 . Whether (p)ppGpp stringently or permissively arrests translation 56
initiation remained an open question. (p)ppGpp-dependent activation of genes and involvement 57 in controlling the growth rate of the cell by acting in DNA, RNA and protein synthesis 13-58 16 argues for a permissive mechanism. Here, we use advanced fluorescence spectroscopy 59 techniques to investigate how the initiating ribosome copes with (p)ppGpp accumulation to 60 translate mRNAs, allowing cell survival and reshaping the bacterial proteome for environmental 61 adaptation. 62
63
Results 64
Guanosine nucleotides as co-factors of IF2 65
We used Microscale Thermophoresis (MST) to measure the binding of fluorescently labelled 66 initiator fMet-tRNA fMet (Bpy-tRNAi) to 30S subunits as an indicator of 30S IC formation. MST 67 allows to measure fluorescence changes derived from molecular drifts resulting from small 68 equilibrium perturbations 17 . Upon equilibrium perturbations, the migration patterns of Bpy-69 tRNAi are related to bound and unbound states, allowing to determine dissociation constants of the interaction (see supplementary information: Fig. 1 , 2, and experimental approach) 17, 18 . 71
Formation of 30S ICs resulted in an increase of thermophoresis as compared to the free Bpy-72 tRNAi. On the contrary, a decrease in thermophoresis indicated the dissociation of Bpy-tRNAi 73 from 30S complexes. 74
First, we measured 30S IC formation as a function of IF2 concentration, in the presence of 75 different guanosine nucleotides. Addition of GTP increased the amplitude of thermophoresis 76 stoichiometrically with IF2, while in the presence of GDP, ppGpp or without any nucleotide 77 (Apo), the amplitude of thermophoresis was lower ( Fig. 2a ), in agreement with IF2 requiring 78 GTP for rapid recruitment of tRNAi to the 30S complex 19 . EC50 binding concentrations for Bpy-79 tRNAi were very low for IF2 bound to ppGpp, GDP or in the absence of any guanosine 80 nucleotide (Apo) and coincided with measurements of IF2-Bpy-tRNAi ternary complex 81 formation in the absence of the 30S subunit ( Supplementary Fig. 3 ). Thus, ppGpp and GDP may 82 program IF2 to de-stabilizes tRNAi on the 30S complex, precluding 30S IC formation. 83
Consistently, guanosine nucleotide titrations showed thermophoresis increase for GTP and to a 84 lesser extent for GDP, whereas ppGpp failed to promote Bpy-tRNAi binding at any 85 concentration (Fig 2b) . GTP seems to activate IF2 to promote tRNAi binding to the 30S IC, 86 whereas, GDP and ppGpp prevent IF2 from recruiting the initiator tRNA. 87 over time (kapp = 2.9 ± 0.3 s -1 ), indicating that 70S pre-ICs are readily formed ( Fig. 2c ). Bpy-108 tRNAi showed a rapid decrease in fluorescence over time following 50S subunit joining (kapp = 109 1.7 ± 0.2 s -1 ) ( Fig. 2d ). Altogether, GTP programs IF2 to form a 30S IC that is capable of rapid 110 binding the 50S subunit and accommodating tRNAi in the 70S IC to accept the incoming 111 elongator aminoacyl tRNAs. Interestingly, the omission of nucleotides or presence of GDP 112 showed similar rates for both reactions, albeit with much lower efficiencies (amplitude) than that 113 observed with GTP. ppGpp, instead, drastically reduced the rates and extent of 50S subunit 114 joining and Bpy-tRNAi accommodation, an indicator that ppGpp acts at a prior step of the 115 translation initiation pathway, i.e., before 30S IC formation. Although both, GDP and ppGpp, 116 could compete with GTP for IF2, cellular concentrations of GDP are low at any cell growth 117 condition 22 , whereas (p)ppGpp accumulate to millimolar ranges during bacterial stringent 118 response 22,23 . Overall, guanosine nucleotides act as co-factors of IF2, modulating its capacity to 119 position the initiator tRNA along the pathway of translation initiation (GTP vs. GDP) or as a 120 sensor of the stringent response (GTP vs. ppGpp). 121 122 mRNA dependence of ppGpp inhibition 123 mRNAs may contain the determinants to enter translation at otherwise inhibiting concentrations 124 of ppGpp, allowing GTP to compete with ppGpp ( Fig. 3a) . To test this model, we used two 125 house-keeping mRNAs, coding for the essential proteins EF-Tu (mTufA) and IF1 (mInfA), with 126 the former being 40-fold more expressed than the latter in E. coli 24 . 30S IC formation as a 127 function of mRNA concentrations was higher for mTufA than for mInfA or the model mRNA 128 mMF1 as evaluated from the thermophoresis amplitude ( Supplementary Fig. 4 and Tables 1-3 
). 129
Similarly, GTP titrations in complexes formed with each mRNA showed the same 130 thermophoresis trend for 30S IC formation: mTufA>mInfA>mMF1 (Fig. 3b ). Additionally, GTP dissociation constants differed around an order of magnitude as a function of the mRNA used. 132
The calculated KD for the 30S IC programmed with mTufA was about 7-fold lower (KD = 0.28 ± 133 0.04 µM) than that for mInfA (KD = 1.9 ± 0.2 µM) and about 2-fold lower than that for mMF1 134 (KD = 0.65 ± 0.05 µM) ( Fig. 3c ). Thus, mTufA, which codes for the highly abundant EF-Tu, 135 possesses functional determinants that allow efficient 30S IC formation with IF2 strongly 136 binding GTP. On the other hand, mInfA results in less efficient 30S IC formation and weaker 137 binding of GTP. with GTP ( Fig. 4) . Rapid kinetics analysis of the 50S joining to 30S ICs show that complexes 169 programmed with mTufA resulted in higher 70S pre-IC formation than those formed with mInfA 170 or mMF1, essentially following the same trend as observed by thermophoresis analysis (Fig. 4b) . 171
Addition of ppGpp as a competitor for GTP showed an overall decrease of 70S pre-IC formation 172 efficiency for all mRNAs; however, complexes harbouring mTufA appeared least affected while 173 mInfA were the most affected ( Fig. 4c ). Using GDP as a competitor for GTP also resulted in a 174 decreased efficiency of 70S pre-IC formation; however, inhibiting the reaction to a lesser extent 175 than ppGpp ( Fig. 4d, supplementary Fig. 6 ). Additionally, the formation of the 70S pre-IC 176 appears to be kinetically influenced by the mInfA showing 3 to 4-fold slower velocities than 177 mTufA or mMF1 ( Fig. 4e ). However, the nucleotide competing with GTP, either GDP or ppGpp, 178 did not perturb the initial rate of the 50S joining to 30S ICs, suggesting that the observed fraction 179 corresponds to 30S ICs containing GTP (Fig. 4e ). Thus, ppGpp competition with GTP results in fewer 30S ICs habilitated to recruit the 50S subunit; albeit, mRNAs modulate the GTP-bound 181 fraction. Similar reactions in the absence of GTP resulted in negligible rapid 70S pre-IC 182 formation for either ppGpp and some transitions for GDP or without any nucleotide 183 ( Supplementary Fig. 7) . ultimately promoting the accommodation tRNAi in the P site before factor dissociation ( Fig.  202 4a) 12,25 . 70S IC formation was assessed by measuring Bpy-tRNAi accommodation using the 203 stopped-flow technique as a function of the guanosine nucleotide competing with GTP for all 204 three mRNAs. In the absence of any GTP competitor, tRNAi accommodated rapidly to the 205 complexes after the 50S joining ( Fig. 4f) , with overall efficiencies reflecting those of 30S IC 206 formation as measured by thermophoresis (Fig. 3b) or 70S pre-IC as measured by light scattering 207 ( Fig. 4b ). Replacement of GTP by GDP or ppGpp resulted in small fluorescence changes for 208 tRNA accommodation, indicating very few 30S complexes contained the tRNAi (Supplementary 209 Fig. 8 ). Addition of GDP or ppGpp as competitors of GTP resulted in a defined decrease of 210 overall efficiencies of tRNAi accommodation; however, ppGpp showed a higher degree of 211 inhibition than GDP (Fig. 4g, supplementary Fig. 6 ). As observed for 70S pre-IC formation, 212 complexes programmed with mTufA appeared to be less sensitive to ppGpp while those 213 programmed with mInfA showed more susceptibility (Fig. 4h ). Non-linear analysis of the time 214 dependencies shows that the tRNAi accommodates at different rates for each mRNA. Although 215 the extent of the reaction is affected by the competing nucleotide, the apparent rates of tRNAi 216 accommodation appeared not to be influenced, indicating that the resulting amplitude 217 corresponds to GTP-bound 30S ICs (Fig. 4i) . Altogether, the formation of 70S ICs are halted by 218 ppGpp. The progression towards protein synthesis elongation is mediated by the competition 219 between GTP with ppGpp during 30S IC formation in an mRNA-dependent manner. 220 221
Permissive mRNA translation at high ppGpp 222
Our results are consistent with IF2 sensing ppGpp to GTP ratios in an mRNA-dependent manner 223 and ultimately translating them into protein output efficiencies (Fig. 5a ). To test this premise, we used a cell-free translation system at physiological concentrations of ribosomes, aminoacyl-225 tRNAs, translational GTPases, GTP and varying ppGpp concentrations (up to 4 mM)( Fig. 5) . In 226 the absence of ppGpp, translation of mTufA was three-fold higher than mInfA (Fig. 5b) , 227 consistent with our results obtained by measuring every previous step, 30S IC, 70S pre-and IC 228 ( Fig. 3,4) . Addition of ppGpp resulted in decreased translation efficiencies for both mRNAs in a 229 ppGpp concentration-dependent manner (Fig. 5c ). The inhibitory concentration IC50 differed for 230 each mRNA, with mTufA being 4-fold more tolerant to ppGpp than mInfA (Fig. 5d) . The calculated affinity of GTP (Fig. 2) for complexes differing on the programmed mRNA 244 allowed to estimate the ppGpp inhibitory constants for each corresponding 30S IC and 245 translation efficiencies. The calculated ppGpp inhibitory constants for translation efficiency were 246 similar to those obtained for 30S IC formation as measured by thermophoresis, reaffirming IF2 247 as the primary target for ppGpp-mediated regulation during protein synthesis (Fig. 5d) 8 . 248
Remarkably, mTufA was translated at ppGpp concentrations that have been reported during cell 249 starvation 22 , indicating that the protein synthesis apparatus is capable of tolerating high 250 concentrations of the alarmone. Altogether, the protein synthesis apparatus can translate mRNAs 251 at physiological concentrations of ppGpp; however, the initiating ribosome is able to sort which 252 mRNAs shall enter the elongation phase of protein synthesis. 253 254 Discussion 255
Our results provide unprecedented details on the dynamic regulation of the initiating ribosome 256 and allowed us to untangle a novel mechanism that allow bacteria to cope with mRNA 257 translation during stringent response. The canonical model suggests that upon (p)ppGpp 258 accumulation the translation machinery halts until more favourable growth conditions are 259 available. Shutdown of protein synthesis during stringent response was supported by several 260 reports indicating (p)ppGpp binds and inhibits translational GTPases 7,27 . However, the canonical 261 model fails to explain how a subset of proteins are synthetized during overexpression of RelA, 262 the primary (p)ppGpp synthetizing factor 28 . Additionally, (p)ppGpp activates the transcription of 263 a number of genes. How these mRNAs are translated remained unexplained. More recent reports 264 showed that (p)ppGpp are not restricted to stringent response, but their concentration fluctuates 265 as a function of growth rate 13 . A tight RNA/protein and DNA/protein synthesis coordination in 266 elongation appears to be unaffected during stationary phase (starvation), characterized by high 268 levels of the alarmone 29 . Thus, (p)ppGpp-mediated inhibition of protein synthesis appears to be 269 permissive rather than a strict on/off mechanism. Our results support a permissive mechanism 270 where IF2 translates the nutritional availability of the bacterial cell into protein synthesis 271 efficiencies by sensing the ppGpp to GTP ratios (Fig. 6) . ppGpp/GTP ratios ppGpp binds IF2, precluding start codon recognition and promoting the 30S 276 pre-IC. In turn, the 30S pre-IC can exchange the bound mRNA for a more ppGpp-tolerable 277 transcript, allowing GTP to replace the tetraphosphate and proceed to protein elongation. 278 279 ppGpp accumulation results in IF2 modulating the 30S pre-IC to IC equilibrium, ultimately 280 contributing to define the efficiency by which the mRNA enters the elongation phase of protein 281 synthesis (Fig 6) . ppGpp-bound IF2 shifts the translation initiation equilibrium towards the 282 liable 30S pre-IC in an mRNA dependent manner. The potential of each mRNA to be translated 283 arises from the intrinsic capability of mRNAs to program 30S ICs (Fig. 3a, supplementary Fig.  284   4) , the GTP affinity for IF2-bound complexes (Fig. 3c) , and the tolerance to ppGpp (Fig. 3e) observe that the highly translated mTufA mRNA is more tolerant to ppGpp than mInfA despite 286 that both code for house-keeping and essential proteins. mTufA initiates translation 2 to 4-fold 287 more efficiently than mInfA in the absence of any competing mRNA. In a cellular context, the 288 observed difference may be accentuated to the extent observed in vivo (40-fold, 24 ) due to the 289 availability of free 30S subunits and competing mRNAs. On the other hand, the GTP affinity for 290 30S ICs programmed with mTufA is 7-fold higher if compared to mInfA, both in the low 291 micromolar range. In contrasts, previous studies reported two to three orders of magnitude lower 292 affinities between free IF2 and GTP 7 . Thus, the formation of the 30S IC entails an affinity gain 293 for GTP to the 30S-bound IF2 of at least two orders of magnitude. This increase of affinity is of 294 particular importance in the context of stringent response where GTP concentration have been 295
shown to drop to micromolar ranges 22 . However, the affinity gain of the 30S-bound IF2 for GTP 296 does not prevent ppGpp to compete. Altogether, IF2 may act as a molecular sensor for cellular 297 homeostasis, coupling functional determinants of the mRNA to ppGpp concentration to cope for 298 the environmental adaptation of bacteria during infection. 299 300 Methods 301
Biological preparations 302
Ribosomal subunits: 30S subunits were prepared from purified 70S ribosomes by sucrose 303 gradient centrifugation in a zonal rotor (Ti-15, Beckman, CA, USA) under dissociating 304 conditions using buffer TAKM3.5 (50 mM Tris (pH 7.5), 70 mM NH4Cl, 30 mM KCl and 3.5 305 mM MgCl2), essentially as described 21 . Briefly, fractions containing 30S or 50S subunits were 306 collected and pelleted in a Ti50.2 rotor at 50000 rpm over 12 hours. The resulting 30S pellets 307 were resuspended in buffer TAKM7 (as TAKM3.5 but containing 7 mM MgCl2). The concentration of 30S subunits was determined by measuring the absorbance at 260 nm using an 309 extinction coefficient of 63 pmol/AU260 nm. 310
Initiation factors: Cells harbouring pET 21 (Kan resistant) expression plasmids with cloned 311 either infA, infB or infC (coding for IF1, 2 and 3, respectively) were grown in 6 L of LB medium 312 supplemented with 30 µg/ml of kanamycin at 37˚C until they reached an optical density of 0.8 313 OD600. A final concentration of 1 mM of IPTG was added to induce protein expression, leaving 314 cells grow for 3 hours at same growth conditions. Cells were collected by centrifugation at 6000 315 identified using 18% acrylamide SDS-PAGE, pooled and concentrated using an Amicon 330 centrifugation membrane with a 3 KDa cut-off (UFC900308, Merck). Size exclusion using a 331 further purify IF1 from contaminants of higher molecular weight. Typically, 0.5 ml of IF1 was 333 loaded, separated with a flow rate of 1 ml/min and elution was monitored by absorbance at 290 334 nm. IF3 was purified similarly to IF1 using a cation exchange chromatography on a HiPrep CM 335 FF 16/10 column (28-9365-42, GE Healthcare), however using a stronger gradient in Buffer A 336 (0.1 to 1 M NH4Cl). A second chromatography step was unnecessarily, IF3 elutes with very high 337 purity as observed using 15% SDS-PAGE. 338
Cell lysates containing IF2 were processed essentially as described for IF1 with the following (Table S1 ). Essentially, 359 the reaction contained 20 ng of DNA template, 1 µM of each primer, Master Mix (containing 360
Buffer, NTPs and polymerase) and deionized water. Primers were synthetized by Macrogen 361 (South Korea). PCR products were purified using the GeneJET PCR Purification Kit (K0702, 362 ThermoScientific) (Table S2 ). mRNAs were produced by in vitro transcription for 3 hours at 363 37°C. The reaction contained Transcription Buffer (40 mM Tris-HCl (pH 7.5), 15 mM MgCl2, 2 364 mM spermidine and 10 mM NaCl), 10 mM DL-Dithiothreitol (DTT), 2.5 mM NTPs, 5 mM 365 guanosine monophosphate, 0.01u/µl inorganic pyrophosphatase, 2 U/µl T7 polymerase, 5 ng/µl 366 DNA template and deionized water. Transcripts were then purified using Direct-ZolTM RNA 367
MiniPrep (R2052, Zymo Research) and visualized by 8 M urea PAGE electrophoresis followed 368 by staining in Methylene blue (Table S3 ). reaction was incubated for 40 min at 37 °C and stopped by phenol extraction. The water phase 395 was loaded to a MonoQ 5/50 GL (1 ml) column (GE17-5166-01, GE Healthcare). ppGpp was 396 eluted with a linear gradient from 0.5 mM to 600 mM LiCl in buffer C (25 mM Tris-HCl pH 8.3, 397 0.5 mM EDTA). Fractions containing ppGpp were pooled and precipitated with 1.5 M LiCl and 398 2 volumes of absolute ethanol. The precipitate was harvested by centrifugation (16100 RFC × 20 399 min) and dissolved in water. ppGpp concentration was measured by UV absorbance at 253 nm 400 using an extinction coefficient of 13700. Samples were aliquoted and stored at -20°C. 401
Experimental conditions and analysis
rapidly mixed in the instrument with 0.6 µM 50S at 25 ˚C. Bpy-tRNAi accommodation was 427 measured essentially as described by 12 . Briefly, 0.2 µM 30S ICs were formed using Bpy-tRNAi 428 and rapidly mixed with 0.6 µM 50S at 25 ˚C. Fluorescence was excited at 470 nm and measured 429 after a 495 nm long pass filter. Individual traces (6-11 traces) were averaged and the resulting 430 kinetic curve was approximated by single (F = A0 + A1*exp (-k 1 app*t)) or double (F = A0 + 431 A1*exp (-k 1 app*t) + A2*exp (-k 2 app*t)) exponential fit using Graphpad Prism 6.0 software 432 (GraphPad Inc, USA). 433
In order to visualize overall protein synthesis, we used a coupled transcription-translation cell-434 free system. Reactions were carried out in 10 µl of the purified components from the 435 PURExpress In Vitro Protein Synthesis Kit (E6800S/L, NEB) with the corresponding templates. 436
These reactions were incubated at 37°C for 2 hours. To asses ppGpp inhibitory capacity in 437 translation, 0.15 µM of DNA coding for mTufA or mInfA were introduced in the described 438 system in the absence or presence of 4, 2, 1, 0.5 or 0.25 mM ppGpp. After incubation, sample 439 processing and fluorescent labelling were carried out as described by the Lumio™ Green 440 
